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INTRODUCTION
The Great Knot Calidris tenuirostris is the iconic species
for the huge increase in the knowledge of waders in the
East Asian-Australasian Flyway over the last few decades.
As late as 1980 it was thought to be an ‘uncommon’
species in Australia (Lane 1987). However, this picture
changed dramatically in 1981 when Australasian Wader
Studies Group (AWSG) expeditions and surveys along
the coasts of northern Australia found flocks numbering
tens of thousands of Great Knots, particularly in Roebuck
Bay at Broome and along Eighty Mile Beach (Lane 1987).
We now know that there are almost 425,000 individuals
(Hansen et al. 2016) that migrate from their Siberian
breeding sites to the coastlines of Australia and southern
Asia (Lane 1987, Lappo et al. 2012). However, recent
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The Great Knot Calidris tenuirostris is one of the iconic long-distance migratory
species of the East Asian-Australasian Flyway. However, despite extensive flagging
and banding efforts, very little is known about the migratory strategies and the
breeding grounds of this species that spends the non-breeding season mainly
on the northern shorelines of Australia. Using light-level geolocators deployed
on Great Knots at Roebuck Bay (Western Australia), we describe the individual
migration strategies, breeding locations and breeding-related behaviour. Based
on data from eight successfully tracked individuals, we found that all except one
migrated to the western part of the known breeding range. This was 2,000–2,500
km from the eighth individual that commenced breeding in the potentially sep-
arated eastern part of the range. Light intensity and temperature profiles
provided evidence that four of the birds successfully hatched chicks. Of the
three which failed, one appeared to have laid a second clutch before failing
again. Arrival at the breeding grounds and the laying of eggs were remarkably
synchronous between individuals, as were the arrival dates back at Roebuck Bay.
Departure from the breeding grounds was more spread out, partly dependent
on breeding success and also as a result of females probably leaving the nesting
area before males. The individual migration strategies confirmed the strong
dependence of this species on the Yellow Sea as their major stopover site during
both southward and northward migration. Furthermore, all individuals stopped
at least once on their northward journey to the Yellow Sea from Australia. And in
reverse, all individuals stopped at least once on the southward migration before
arriving at the Yellow Sea coming from their Arctic breeding grounds. The results
indicate that this species will most likely be further affected by the rapid habitat
loss in the area of the Yellow Sea and other parts of the Chinese coastline.
analyses showed that numbers were likely even higher
just a few decades ago (Rogers et al. 2007, Clemens et al.
2016). The large-scale loss and degradation of important
refuelling habitat along their migratory journey, and
notably the Yellow Sea (Ma et al. 2014, Murray et al.
2014) is widely thought to be driving decreases in
migratory shorebirds in general and Great Knot populations
in particular (Piersma et al. 2016). Complete ground
counts of the entire length of Eighty Mile Beach revealed
a 20% reduction of numbers over ~10 years (Rogers et al.
2007). A continent-wide analysis showed a similar number
of ~1.8% population decline per year (Clemens et al.
2016). 
The Great Knot was also one of the first species providing
evidence that migrating waders from Australia could
perform very long non-stop flights; in the mid 1980s,
hunters at Chongming Dao, in the mouth of the Yangtze
River near Shanghai in China, were regularly catching
banded birds, occasionally as little as 7–12 days after they
had been originally marked at Broome and 80 Mile Beach
(AWSG banding data). Furthermore, even though the
Great Knot is the one of the most abundant shorebirds in
Australia, nowhere in south-east Asia does it occur in
large numbers during the migration periods (Higgins &
Davies 1996). This suggested a potential non-stop-flight
of 5,500 km which was considered an almost unbelievable
achievement at that time. We now know that many
Charadriiformes, and notably Arctic-breeding wader
species, commence their journey northwards with a long
and fast migratory flight of up to 8,500 km for Far Eastern
Curlew Numenius madagascariensis (Minton et al. 2013)
and about 10,000 km for Bar-tailed godwits Limosa lap-
ponica baueri (Battley et al. 2012).
Despite the significant increase in knowledge about Great
Knots and the fact that around 33,500 individuals have
been banded and flagged in Australia, very little is known
about their breeding areas in Siberia. The few flag resight-
ings – birds leg-flagged in north-west Australia (Minton
et al. 2011) and in Chukotka, Russia (Tomkovich 2003) –
involve the area east of the Kolyma Highlands at the north-
eastern end of the expected breeding range in Siberia
(Tomkovich 1997). Furthermore, two banding recoveries
indicate movements between the same areas – the Anadyr
region and Roebuck Bay near Broome in north-west Aus-
tralia (AWSG banding data). However, considerable infor-
mation has been gathered through recoveries and flag
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Fig. 1. Estimated breeding sites of individual Great Knots spending the non-breeding season in north-west Australia.
Location estimates are based on a template fit method using light-level geolocator data (see Lisovski et al. 2016). The
known breeding range is restricted to the sub-alpine zone of the mountain ranges (light brown areas; Lappo et al. 2012).
Labels refer to engraved flag codes of the individual Great Knots. 
sightings en route, together with populations counts
(Barter et al. 1997). These data indicate the great impor-
tance of the Yellow Sea as a key stopover location on
northward and southward migration (Tomkovich 1997,
Minton et al. 2011). The Great Knot was thus one of the
first species shown to be critically dependent on the Yellow
Sea. There has also been a steady trickle of recoveries,
mainly from hunters, and flag sightings, from the southern
shores of the Sea of Okhotsk in July/August each year
suggesting that this might be another major stopover loca-
tion during southward migration (Huettmann 2001, 2003,
AWSG flag resighting database). With reports of large
numbers of waders seen on radar flying southwards over
the Sea of Japan (Williams & Williams 1988) and relatively
lower numbers of Great Knots in the Yellow Sea during
southward migration (Barter 2002), it was even speculated
that some Great Knots might be flying straight back to
the north coast of Australia from that area.
The objective of the present study was to track the full
annual cycle of individual Great Knots using light-level
geolocators. We here aim to reveal information on
individual movements independent of the potential bias
of flag resightings, which are dependent on the presence
of observers (see Lisovski et al. 2016). The geolocator
tracking data will thus allow us to evaluate and discuss
the previously gathered information from banding and
flagging activities. Furthermore, we aim to make use of
the slight changes in light intensities at the breeding sites
with 24 hours daylight to estimate the breeding location
of each bird and draw inferences on incubation and chick
rearing behaviour using light patterns and temperature
recordings of the tags (Burger et al. 2012, Gosbell et al.
2012).
METHODS
Capture and tracking data
Great Knots were captured in cannon nets at high tide
roosts on the northern beaches of Roebuck Bay, Broome,
in north-west Australia (122.22°E, 17.97°S). A total of 57
geolocators (Intigeo-W65, Migrate Technology Ltd, Cam-
bridge, UK) were deployed between 26 February and 12
March 2013. The units were mounted on plastic leg-flags
(made from a Darvic PVC sheet) using Kevlar thread
reinforced with Araldite resin cement. The geolocator
units weighed 0.65 g and when mounted on a flag the
combined weight was 1.2 g. This represents less than 1%
of the typical fat-free weight of 140 g for Great Knots in
north-west Australia. All except for one unit were deployed
on adult birds considered to be in their third year of life
(or older). Ageing was based on plumage; at that time of
year adult Great Knots have extensive breeding plumage
with heavy black spotting on the upper breast and extensive
rufous-brown and black colouring on the upper parts.
During the subsequent non-breeding period following
deployment, Great Knots carrying geolocators were specif-
ically targeted in cannon net catches. Morphometric
measurements were available for only three of the tracked
individuals and were used to determine their sex; a prob-
ability of being a male or a female was assigned to those
individuals using a discriminant function analysis (lda
function in R; Venables & Ripley 2002) based on mor-
phometric measurements (bill length, head length and
wing length) of 33 Great Knots with known sex (P.S.
Tomkovich & M.Y. Soloviev unpubl. data).
Geolocator analysis
Light intensity recordings from geolocators were used to
estimate the breeding sites of each individual and the
incubation pattern. Subsequently, using the derived breed-
ing site position, the full migration path was estimated.
Great Knots are known to breed at latitudes above 60°N
(Lappo et al. 2012) and thus experience constant daylight
during this part of their annual cycle. Conventional
methods to estimate positions from light intensity record-
ings over time and defined sunrise/sunset times (i.e.
threshold method in light-level geolocation) fail to produce
position estimates under 24-h daylight conditions as the
light does not fall below the horizon and sunrise/sunset
times cannot be detected (Lisovski et al. 2012). We used
the template fit analysis described by Lisovski et al. (2016)
to estimate the positions of the breeding site. In short,
the method evaluates the possibility that the observed
variation in light intensities during 24-h daylight could
have been recorded at locations within a given boundary
(100–180°E and 55–85°N). We selected the lowest latitu-
dinal position with the possibility value of 100%. For
more details, code and explanations see Lisovski et al.
(2016).
Both the light intensity recordings and the recorded tem-
perature patterns over time can be used to make inferences
of the incubation and chick rearing behaviour on the
breeding grounds. With regard to the light pattern, we
used a similar method as described by Gosbell et al.
(2012) in which the occurrence of alternating ‘light’ and
‘dark’ signals in the geolocator output recorded in the
breeding area was interpreted as an indication for shading
associated with nesting activities including especially incu-
bation and brooding. We defined light intensities as ‘dark’
or ‘light’ if they fell below or above the 15% quantile of all
light intensity measurements during the breeding period.
We then calculated the daily percentage of ‘darkness’. We
interpreted alternating high and low daily percentage of
‘darkness’, expected to occur due to the alternating incubation
efforts between partners (Tomkovich 1997), as incubation.
Extended periods of elevated but constant daily percentage
of ‘darkness’ after a period of potentially successful
incubation of approx. 20–24 days (Tomkovich 1997), were
interpreted as chick-brooding activity. The minimum tem-
perature recordings calculated and stored on the geolocators
every four hours were used to refine the interpretation of
the dark-light patterns. Since the geolocator devices are
attached to the leg, the temperature recordings during
incubation are expected to be significantly higher than
expected ambient temperatures at Arctic breeding sites.
The minimum temperature recordings were used since
they were expected to indicate the difference between
extended periods of incubation (high minimum tempera-
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tures) and non-incubation (low minimum temperatures).
Similarly to the dark-light pattern, we interpreted alternating
patterns of low and high minimum temperatures as incu-
bation and periods of elevated minimum temperatures
after potentially successful incubation as chick-brooding
activity.
To evaluate the migratory pathways for each individual,
two daily locations were estimated from raw light-level
data using the simple threshold method with a light
intensity threshold of 0.8 to define sunrise and sunset
times (Lisovski et al. 2012). The required zenith angle
was derived from on-bird calibration data recorded at a
known location prior to or after migration. To further
improve the location-estimation accuracy, we used a
Bayesian framework that incorporated prior knowledge
of Great Knot behaviour and provided location estimates
with associated measurements of uncertainty. This step
was done using the R-package ‘SGAT’ (Wotherspoon et
al. 2013), which employs Markov Chain Monte Carlo
(MCMC) simulations that permit a spatial probability
mask, prior definition of the error distribution of twilight
events (twilight model), and plausible flying speed values
(behavioural model). For a detailed description of model
assumptions see Sumner et al. (2009) and Lisovski et al.
(2016). The spatial probability mask was based on the
premise that Great Knots are most commonly found
along the coast during migration. Estimated positions
were therefore considered to be 4 times more likely if
close to the coast and increasingly less likely with increasing
distance (d, in meters) from the shore using [1 + 3*exp(-
(d/50000)^3)] (resulting in values between 4, close to the
coast, and 1 at large distance from the coast). The spatial
probability mask was based on a shoreline dataset with a
1:75,000 scale (NOAA Shoreline Website). To parameterize
the twilight model a log-normal density distribution was
fitted to the calibration data (i.e. light intensity recordings
from known location). The density distribution was fitted
to the difference (twilight error) of the zenith angle of
each twilight time recorded during the calibration period
and the first/last recorded sunrise/sunset time, assuming
that the latter set of twilight times was recorded without
any shading. The parameters log-mean and log-sd of the
individually fitted log-normal density distribution were
then used to describe the twilight model. For the behavioural
model we assumed that Great Knots perform stepwise
migrations, with relatively long staging periods in between
periods of movement (Piersma 1987, Warnock 2010).
We modelled flight (ground) speed using a gamma dis-
tribution (shape = 0.7, scale = 0.05) assuming that the
speed with the highest probability was below one (i.e. the
bird is most likely to be stationary at any given time) and
that a maximum average flying speed measured between
two positions of up to 80 km/h was possible during
migration (Pennycuick et al. 2013). For each individual
we used these parameters and all available information
in the MCMC simulation to create ‘samples’, each sample
reflecting one full set of positions connecting each twilight
event along the entire migration path from non-breeding
to breeding grounds. We started by drawing an initial
10,000 samples for burn-in and tuning of the spatial
probability distribution of the individual. Next, a further
40,000 samples were drawn to visually evaluate convergence
of the model. Finally, an additional 2,000 samples were
drawn to generate the ultimate posterior distribution and
the most likely migration path of each individual including
its confidence range.
Movement patterns
To distinguish between periods of residency (i.e. fuelling,
roosting and breeding) and periods of movement we
used the ‘changeLight’ function from the R-package ‘Geo-
Light’ (Lisovski & Hahn 2012). This analysis quantifies
the probability of each sunrise and sunset to be different
from the preceding and following sunrise and sunset
times, hence providing probabilities for shifts in positions
(henceforth referred to as changepoint probability). We
used the median of the MCMC posterior distribution
(i.e. the most likely migration path), to calculate the
sunrise and sunset times for each estimated location. For
each individual, we calculated the changepoint probability
for each twilight time. Periods of residency were defined
as the (maximum) time periods during which all twilight
times had a changepoint probability lower than 0.8 for a
minimum duration of two days. These are rather conser-
vative parameter settings that often result in many spatial
overlaps between periods of residency. We therefore sub-
sequently used the ‘mergeSite’ function from the R-
package ‘GeoLight’ to combine stationary periods, i.e.
consecutive sites where the median positions are less
than 500 km apart.
Migratory itineraries
While the MCMC simulation refines the spatial accuracy
of the location estimates, it may have a negative effect on
the temporal patterns: locations close to a shoreline and
potentially close to subsequent defined stopover site will
likely be pushed towards the shoreline, because of the
mask, and towards the stopover site, because of the move-
ment model. To enable maximum accuracy in the migratory
itineraries, we used the so-called conductivity data recorded
by the geolocator devices. This data source provides
information on whether the logger device has been
exposed to salt water or not and often reveals clear
borders between stationary periods and periods of dry
conditions during flight. We used the exact start and end
date of wet periods that co-occurred with stationary
periods from location estimates (±1 d) and in this scenario
with both methods confirming each other, we considered
the timing as highly accurate. In case a wet period was
not conclusive for an identified stationary period and
due to lacking confidence in exact arrival and departure
data, we did not include the surrounding flight bouts in
the analysis of flight speed and duration. Processing
scripts for location estimates (R code), raw light-level
data, and processing results used in this study were
uploaded onto Movebank (http://movebank.org; study
name ‘Tracking Great Knots along the EAAF’).
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RESULTS
Retrieval of geolocators
Twelve geolocators were retrieved during the two non-
breeding seasons 2013/14 and 2014/15 following deploy-
ment. This corresponds to a retrieval rate of 21%, slightly
above the long-term retrap rate of banded Great Knots in
north-west Australia (13%). The higher retrap rate is
most likely attributed to an increased effort in catching
those individuals. However, this finding suggests no
decrease in the survival probability of Great Knots carrying
a geolocator. One geolocator failed prematurely and three
birds, including the juvenile individual (XNR), did not
migrate, resulting in eight complete annual tracks for
analyses.
Breeding sites
Breeding sites could be estimated for all individuals (Fig.
1). All estimated locations were in the known breeding
range of Great Knots in the subalpine zone of mountain
ranges in the northern half of East Siberia, though away
from the northern coast itself. However, while 7 of the 8
individuals were found in the western part of the known
distribution, one individual (XJN) had a disjunct estimated
breeding site at about 160°E towards the eastern end of
the known distribution. 
Incubation patterns
The analysis of the minimum temperature and ‘light-
dark’ pattern recorded during the breeding period indicates
that all individuals except XNB commenced incubating
8–12 days after arrival (Fig. 2a). In four individuals (XJN,
XJX, XHU and XNC), the clear alternating ‘light-dark’
pattern and elevated temperatures continued long enough
(22–24 d) to suggest that eggs successfully hatched. Indi-
viduals XHS, XHV, and JRU also showed evidence for
clutch initiation and incubation, but aborted after a few
days, indicating nesting failure. In JRU the incubation
pattern lasted only for about 4 days. However, the minimum
temperature data, not the ‘light-dark’ pattern, suggested
that this individual initiated a second clutch approximately
10 days later and again aborted incubation after a few
days. The very late-arriving bird, XNB, did not show any
signs of breeding and departed from the area after only
13 days. Periods of potential chick-brooding were observed
for XJN and possibly for XJX and XHU. The fourth indi-
vidual with potential success in incubation (XNC) left
the breeding site shortly after the chicks hatched (approx.
5–7 d). Incubation bouts varied from 4 to 20 hours with
a general increase towards the end of the incubation
period. An example of raw light and temperature recordings
during the breeding period is shown in Fig. 2b,c. Detailed
graphs on minimum temperature patterns for each indi-
vidual can be found in supplementary material S1.
Migration routes and schedules
All eight individuals performed a complete northward
migration from the deployment site in Roebuck Bay to
their breeding grounds and back (Fig. 3). The mean
distance between wintering and breeding site was 9,561
km (SD ± 182 km), resulting in a mean round trip of
19,122 km. The geolocator of one individual (XHU)
stopped recording during the first half of its southward
migration. Conductivity data and location estimates indi-
cated stopover sites and were almost always in agreement.
The exception was at a few short stopover sites where
conductivity data were inconclusive (see supplementary
material S2). 
Northward migration. Most Great Knots departed from
Roebuck Bay between 26 March and 6 April. One (XJN)
left a little later, on 26 April, but XNB did not leave until
30 May, long after the normal migration season. Generally,
all individuals used a similar route with a fast migration
leg from Roebuck Bay to the coastline of China. Six indi-
viduals had one or two very short (2–8 d) stops during
this first major leg. All but one individual had their major
staging site within the area of the Yellow Sea, six in China
and one in North Korea. XJX however did not stop within
this region and had its major stopover site in the area of
Taiwan. Individuals spent 10–41 days (median: 34 d) or
40–69% (median: 59%) of their entire northward migration
in the Yellow Sea (XJX not included in this statistic).
After their major stopover all individuals flew straight to
their breeding sites where they arrived during 18–26
May. XNB however did not arrive until 25 June. Ignoring
the latter individual, all other tracked Great Knots reached
their breeding sites over a period of 8 days. Northward
migration, on average, was completed in 46.5 days, with
a maximum of 57 days (XHV) and a minimum of 25
days in the late-departing individual XJN. All individuals
spent at least twice as much time on the ground at
stopover sites as they did actually flying during the north-
ward migration. Mean total speed of migration was 224.2
km/d during northward migration, with ground speeds
between 24 and 92 km/h (great circle distance between
stopover sites). 
Southward migration. All tracked individuals departed
their breeding locations between 27 June and 25 July.
One logger (XHU) failed to record light intensities shortly
after the departure. In contrast to the northward migration,
all individuals had at least one stopover – mostly south-
west Sea of Okhotsk – between the breeding sites and
their major stopover location, which was again in the
Yellow Sea. Individuals spent 12–41 days (median: 23 d)
or 26–61% (median: 47%) of their entire southward
migration in the Yellow Sea (XHU not included in this
statistic). From there, three individuals flew straight to
Roebuck Bay, whereas the other four individuals had one
very short additional stopover on an island of south east
Asia (e.g. Philippines). All tracked Great Knots arrived at
Roebuck Bay between 23 August and 6 September. The
‘late’ bird XNB arrived back on 6 September, having
remained in the Yellow Sea until 1 September. Southward
migration, on average, was completed within 54 days,
with a maximum of 68.5 days (XHS) and a minimum of
44 days (XJX). Except for XNC all individuals spent con-
siderably more time and also relatively more compared
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Fig. 2. (a) Individual incubation activity interpreted from ‘dark-light’ and minimum temperature output of the geo-
locators. Black lines indicate the daily percentage of ‘darkness’ (bird sitting on its legs) and grey areas indicate the mean
minimum temperate over time. Both time series start and end with the individual arrival and the departure from the
breeding site. Potential start, end and abortion of incubation is shown above the ‘dark-light’ and minimum temperature
pattern. Information on the sex of the individual is based on a discriminant analysis and values indicate the probability
of belonging to the indicated sex based on morphometric measurement (bill length, head length and wing length).
Example of raw light intensity measurement (b) and minimum temperature (c) recordings of XJX.
to northward migration, on the ground at stopover
locations than in actual flight. Mean total speed of
southward migration was 179 km/d, with ground speeds
of 13–74 km/h (see S2 for more details).
DISCUSSION
In this study, we successfully followed eight individual
migrations of Great Knots from their non-breeding sites
in north-west Australia to their breeding grounds in the
sub-alpine transition zone of Arctic and boreal habitats
in eastern Russia. Light-level geolocators were used not
only to infer migration routes and breeding sites but also
to investigate breeding patterns and the potential success
of incubation.
Tracking birds with light-level geolocators has become a
frequently used technique in migratory research and has
led to many new and exciting discoveries. In recent years,
both the hardware and the analytical techniques required
to derive location estimates from the raw light intensity
data have made major advancements. The results of this
study demonstrate once again the huge potential of this
tracking technique to study the full-annual cycle of a
long-distant migratory bird. However, light-level geolocators
remain an indirect tracking technique that uses light, a
measure that is almost never unaffected by some sort of
shading like clouds, to estimate locations (see Lisovski et
al. 2012). We must realise that location estimates from
even the most advanced tags and most sophisticated soft-
ware are still subject to some level of uncertainty. Here,
we provide locations of stopover sites and estimates of
breeding sites. While we expect the estimated stopover
locations to be quite accurate, given the strong preference
of Great Knots to the shoreline (during migration) and
the absence of strong shading through e.g. vegetation,
the results should be interpreted without making a very
strong inference on the exact locations. Even more caution
is needed when it comes to the breeding site estimates.
Light intensities at those locations and during the summer
change only very little over time and any shading has a
strong effect. Yet, we can use the results to investigate
major spatial patterns in the breeding distribution between
the individuals. But the reader should not be disappointed,
if planning to go out into the field and find the nest based
on those data, that they need to be prepared to at least
look into the 200–400 km vicinity.
The largely frugivorous breeding diet of Great Knots
seems to restrict the northern limit (70°N) of the species
distribution to the sub-alpine mountain ranges with
regular crops of berries (Lappo et al. 2012). This restriction
may have led to two rather disjunct breeding ranges, one
in the Kolyma Highlands and eastwards to the Pacific
Ocean where one of the tracked individuals (XJN) has
been located. The western breeding range is located in
the mountains of north-central Yakutia, the large area
used by all other individuals (Fig. 1). The only existing
leg-flag resightings of Great Knots from Australia at their
breeding sites were two birds seen near Anadyr, at the
eastern end of the breeding range, 2,300km east of the
main group of geolocator birds. Our finding of two rather
separate breeding ranges may support the previously sug-
gested possibility of two biogeographic breeding populations
that mix on the non-breeding grounds in Australia (Delany
& Scott 2006). 
With the exception of XNB, which departed very late
from Australia resulting in an equally late arrival in the
Arctic, all individuals arrived at the breeding grounds
relatively synchronously between 18 and 26 of May (Fig.
3). Great Knots are known to be one of the earliest
arrivals on the breeding grounds compared to other
wader species (Tomkovich 1997) and the arrival dates
here reported were similar to dates recorded for the
closely-related Red Knot C. canutus rogersi (Loktionov et
al. 2016). Incubation was initiated 8–12 days after arrival
and lasted 3–24 days. Tomkovich (1997) suggests an
incubation period of 22.5 days, after the last egg of the
clutch has been laid, for successful hatching. Hence four
of the tracked birds with incubation periods of 22–24
days were most likely successful while the remaining
three with incubation durations of 3–16 days were judged
to have failed due to e.g. predators, adverse weather con-
ditions or some other unknown reason. The close match
of the estimated incubation periods with the 22.5 days
measured in the field (Tomkovich 1997) may indicate
that our analysis identifies the approximate time of the
laying of the last egg and the time when adults increase
their incubating effort. Re-nesting has previously been
shown for some wader species in the Arctic (Gosbell et
al. 2012, Loktionov et al. 2016) but it is considered
uncommon. It may be significant that the only Great
Knot appearing to have re-laid eggs after an initial failure
was the one which only lasted for four days originally.
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Fig. 3 (overleaf). Northward (left globes) and southward (right globes) migration of individual Great Knots. The routes
are presented as a series of consecutive stopover sites (resting and/or fuelling sites) connected by the shortest great
circle distance route. The size of the stopover site (black circle) is scaled according to the stopover duration (3–30 d).
The middle panel shows the latitudinal movement, based on the most likely path from the MCMC simulation, with the
departure and arrival dates from the deployment site in north-west Australia and the breeding grounds. The bar charts
indicate the days each individual was on the move or stationary (fuelling/resting) during northward and southward
migration. Raw map data were downloaded from: naturalearthdata.com.
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However, the second attempt had an equally brief incubation
period (Fig. 2 & S1). Incubation bouts varied from 4 to
20 hours, and an increase in length was observed as the
incubation period progressed. Loktionov et al. (2016)
noted a similar pattern including observing incubation
bouts of up to 20 hours for Red Knot males in the latter
part of the incubation period. This was a different pattern
to that observed for Ruddy Turnstone (Gosbell et al.
2012) in which a parabolic relationship was shown with
the longest bouts being recorded around the mid-term of
incubation. This study again shows that light-level geolo-
cators can provide detailed information on duration and
timing of incubation behaviour. In addition, they also
provide some indication of the extent to which parents
brood their chicks after hatching. While the exact length
of this activity is often difficult to resolve because of its
irregularity due in part to climatic conditions, there is
some evidence that the four birds with successful incubation
brooded chicks for a certain period of time after the
chicks hatched, indicated by high frequency of ‘dark-
light’ transitions (see Fig. 2 & S1). However, brooding
behavior is difficult to quantify and often not 100% con-
clusive. Loktionov et al. (2016) suggested that the period
of incubation and/or brooding post-hatching might be
used to indicate the sex of the birds. It is known that
female Red Knots (and several other species of Arctic-
breeding waders) tend to leave the chicks and depart the
breeding grounds before the males. Tomkovich (1997)
reported similar behaviour in the Great Knot. In the
current study bird XJX, known to be a male, departed the
breeding grounds 30 days after hatching. As the interval
for bird XHU was 31 days, it is likely also to be a male.
Conversely, XNC and XJN which departed the area 5 and
12 days after hatching are likely to be females. However,
the latter could alternatively have been males that departed
after e.g. losing their chicks.
Importantly, our findings also provide further evidence
that Great Knots use the Yellow Sea as the major stopover
location on both northward and southward migration
(Fig. 3 & 4). Interestingly, the geolocator location estimates
provide evidence that all but one bird used the Chinese
coast of the Yellow Sea for extended periods during their
migration. Given that so much of the intertidal habitat
there has been lost to land reclamation in recent years
(Ma et al. 2014, Murray et al. 2014) it may not be
surprising that Great Knot numbers in Australia have
decreased markedly (Clemens et al. 2016) especially just
after the huge Saemangeum project in South Korea was
completed in 2007 (Moores et al. 2016). As a consequence,
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Fig. 4. Relative time spent (coloured squares) at stopover sites during northward (left) and southward (right) migration.
The values represent the sum of all tracked individual Great Knots during periods when birds were stationary between
the geolocator deployment site in north-west Australia and the breeding grounds. 
Northward Migration Southward Migration
the Great Knot’s conservation status has recently been
reclassified as Critically Endangered (The Environment
Protection and Biodiversity Conservation Act, a.k.a. EPBC
Act). Besides the Yellow Sea, Great Knots from Broome
seem to make one other significant stopover on both
northward and southward migration (Fig. 2). On the
northward journey this was before the Yellow Sea stopover
utilising the islands of south-east Asia, the central Chinese
coast and Taiwan. On southward migration we found the
reverse pattern with stopovers north of the Yellow sea in
the Sea of Okhotsk. And while very little is known about
the importance of stopover sites between Australia and
the Chinese coastline, the Sea of Okhotsk is well known
for large numbers of transient Great Knots (Gerasimov et
al. 1999, Gerasimov & Gerasimov 2000, Huettmann 2001,
Antonov & Huettman 2008). During northward migration,
all individuals, except for XJN, either did not visit or
spent only a very short period of time (<1.5 d) in the
western part of the Sea of Okhotsk (Fig. 3 & S2). The
easterly breeding individual XJN passed areas known to
host large numbers of Great Knots during this particular
time (~15–18 May; Tomkovich 1997, Huettmann 2001),
however, our data suggested no stopovers in this area.
We can only speculate, but our data suggest that during
northward migration, the Sea of Okhotsk is most important
for populations migrating to the eastern parts of the
known breeding range. In contrast, during southward
migration, Great Knots recorded in the western part of
the Sea of Okhotsk including the northern Sakhalin
Island may come from the entire breeding range. We
found no evidence for a long onward movement from
these areas directly to north-west Australia. All birds
instead went south via the Yellow Sea. 
Some interesting features were shown in the aberrant
migratory behaviour of XNB (Fig. 2). It did not leave
Broome until 30 May, by which time all the other Great
Knots had started to lay eggs on their breeding sites. It
made only a short stopover in the Yellow Sea (10 d) and
so completed the total northward migration faster than
any of the other Great Knots. Nevertheless, by the time it
arrived on the breeding grounds (21 June) most of the
other birds had either completed or aborted incubation.
Not surprisingly it did not nest and it departed after only
a short stay of about 15 days. It is not clear what delayed
this bird in the first place and it raises the question of
why it continued all the way up to the breeding grounds
when the chance of breeding successfully must have been
so slim. Aborting migration is a previously reported phe-
nomenon in shorebird species. Lisovski et al. (2016)
reported a Sanderling Calidris alba staying an extended
period in south China before returning to the non-
breeding site in Australia. In Great Knots it is reported
that large numbers of non-breeding individuals spend
the northern summer on the coast of the Sea of Okhotsk
(Tomkovich 1997) or even skip migration and remain on
the coastlines of Australia (AWSG database). In fact, many
migratory wader species remain on the non-breeding
grounds during their first calendar year (e.g. Summers et
al. 1995) or in some cases achieve only parts of the migratory
distances (e.g. a one-year-old bird shot at Sakhalin Island;
Tomkovich 2003). Thus it was no surprise that the one
juvenile individual carrying a geolocator did not migrate.
The reason for the other two individuals that omitted
migration remains unknown. We are confident that these
individuals, as well as the very late-departing XNC, were
aged correctly and were at least in their second calendar
year. The potential negative effect of handling the bird
and deploying a geolocator can never be ruled out,
although it seems unlikely (Weiser et al. 2016). It might
also be possible that some adult individuals decide to not
migrate for reasons such as infections or generally poor
body condition.
A rather novel feature of the migratory journeys of Great
Knots discussed here is that most birds stopped at least
once, for 2–8 days at a time, after departing Roebuck Bay
and before arriving at the Chinese coast (Fig. 3). Those
short stays would have been too brief to have acted as a
significant ‘refuelling’ stop and are thus considered as
resting sites only (Ma et al. 2013). This finding obviously
challenges the notion that almost all individuals commence
their migratory journey with a ~5,000 km non-stop flight
from Australia to the coastline of China (e.g. Battley et al.
2000). While flag resightings of Great Knots within 7
days from Roebuck Bay and the Yellow Sea as well as the
rapid (~5 d) and non-stop initial migration bout of about
4,700 km of XNB certainly provides strong evidence for
the potential for such non-stop long-distance flights, the
low density of observers and the potential large spatial
spread of resting individuals on the islands of south-east
Asia and the southern coastline of China may have con-
tributed to misconceptions about this migratory pattern.
Interestingly, the pattern of short stopovers during north-
ward migration to the Yellow Sea was repeated in the
tracked Great Knots with observed short resting periods
during southward migration before arriving at the Yellow
Sea. After the long stopover on the coasts of the Yellow
Sea or the southern Chinese coast, the individuals per-
formed a rather fast and direct flight to their final desti-
nation. Apparent migration speeds varied widely between
each migration leg. The range of over-ground speeds
measured on some of the longer legs of the journey, and
thus the legs where departure and arrival time could be
estimated with high precision, was similar to those
measured from geolocators on a range of other waders in
the EAAF; i.e. 50 (SD ± 5) km/h (Minton et al. 2013).
In conclusion, the results presented here provide a much
greater understanding of the full annual-cycle of the
Great Knots which spend the seven month long non-
breeding season at Roebuck Bay in north-west Australia.
Migration, which covered approx. 20,000 km for the
round trip, typically took up to 3.5 months of the
remaining time. The geolocators revealed the migration
strategy employed, including making small stops before
arriving at the principal stopovers in the Yellow Sea on
both northward and southward migrations. Arrival at
the breeding grounds and the laying of eggs were remark-
ably synchronous between individuals, as were the arrival
dates back at Roebuck Bay. Departure from the breeding
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grounds was more spread out, partly dependent on
breeding success and probably also as a result of females
leaving the nesting area before males (Tomkovich 1997).
Overall, the results indicate the tight schedules into
which shorebirds must fit their annual cycle, the strong
dependency on crucial refuelling sites along their journey,
and that ongoing degradation in the Yellow Sea will
likely have further negative effects on the Great Knot
population.
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